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a b s t r a c t 
Synchrotron X-ray microtomography and ptychography were used to characterize the 3D network struc- 
ture, morphology and distribution of metal carbides in an as-cast IN713LC Ni superalloy. MC typed car- 
bides were found to distribute mainly on the grain boundary between the matrix γ and γ ’ phase. The 
differences in solidification cooling rate had a minor influence on the volume fraction of the MC type 
carbides, but significantly affected the carbide size, distribution and network morphology. Depending on 
the local composition of the remaining liquid phase and geometric constraints, the carbides can form 
either spherical or strip or network morphologies. The research demonstrated clearly the advantage and 
technical potential of using the two complementary tomography techniques synergistically to characterize 
non-destructively complex multiple-phase structures in three dimensional space with a spatial resolution 
of ~30 nm. 
© 2020 Acta Materialia Inc. Published by Elsevier Ltd. 































Nickel based superalloys have been extensively used for making 
igh-temperature structural components in aircraft and land tur- 
ine engines, rocket engines, nuclear power and chemical process- 
ng plants [1-4] . These superalloys are designed to have a unique 
icrostructure where the ordered intermetallic γ ’(Ni 3 Al) precipi- 
ates distribute coherently within a continuous γ (Ni) matrix. Such 
icrostructural features provide substantial ordered and coherent 
nterfaces to inhibit dislocation motion at higher temperature, de- 
ivering superior high-temperature strength and creep resistance 
5-7] . For cast Ni superalloys, the γ -phase is the primary phase 
ormed during solidification while the γ ’-phase mainly nucleates 
nd grows within the interdendritic region at the final stage of so- 
idification. 
Metal carbide is another important microstructure constituent 
n polycrystalline Ni-based superalloys due to its excellent high- ∗ Corresponding author. 




359-6462/© 2020 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access aemperature stability. The carbide is originally designed to improve 
igh-temperature strength through strengthening the grain bound- 
ry and preventing grain boundary sliding [8-9] . However, carbide 
an also cause crack initiation and propagation during plastic de- 
ormation [10-12] . The morphology and spatial distribution of the 
arbides in cast Ni superalloys are mainly formed through the so- 
idification process and therefore have an important influence on 
he solidified microstructures and the mechanical properties [13- 
4] . Although considerable researches have been carried out to in- 
estigate the nucleation, growth and morphology evolution of the 
arbides in Ni-based superalloys under different solidification con- 
itions [15-17] , until now, the nucleation and growth dynamics 
f metal carbides, especially the true 3-dimensional (3D) network 
tructure and morphology of metal carbides formed in different so- 
idification conditions have not been fully understood. 
Carbides in the as-cast Ni-based superalloys are usually MC 
 M = Ti, Nb, Ta and V) type compounds with NaCl face-centred- 
ubic structure. They form in the liquid melt due to strong segrega- rticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
Z. Zhang, J.C. Khong, B. Koe et al. Scripta Materialia 193 (2021) 71–76 
Table 1 
Chemical compositions of the IN713LC Ni superalloy. 
C Cr Al Mo Nb Ti Co Fe 
0.05 12 5.9 4.68 2.31 0.77 0.41 0.15 
Ni Cu Ta Mn Si B P S 





















































































































ion of C when its concentration is above 0.05% [18] . Depending on 
he solidification conditions, the carbides can form different spatial 
tructure and morphologies. They could be octahedral or irregular 
locky or script-typed morphologies in a 2D sectional view when 
hey grew in slow-cooling, near-equilibrium solidification condi- 
ions [19-21] . In contrast, in a rapid cooling condition, such as in 
aser surface melting, the morphology of MC carbides can vary and 
orm a peculiar structure, i.e. radially branched flower-like colonies 
22-23] . These growth morphologies are proposed to be related to 
he typical faceted growth mechanism where the lateral growth 
rom existing steps or ledges originating from the closed packed 
111} planes, twins and screw dislocations on the growing crys- 
al surfaces [15] . Until now, the carbide morphologies were mostly 
tudied using 2D imaging methods, only giving limited informa- 
ion on their true 3D characteristics, and their spatial interconnec- 
ions and correlations with other phases. Nonetheless, recent stud- 
es have shown that 3D phase differentiation and visualization of 
arbides in Ni-based superalloys are possible by focused ion beam 
FIB) assisted Electron Back-Scattered Diffraction (3D-EBSD) [24] or 
tom probe tomography (APT) [25] . However, these techniques are 
ormally for characterising local region of small volume in the di- 
meter range of a few tens or a few hundreds of nanometres, not 
uitable for the measurement of volume fractions and the true 3D 
patial distribution of the carbides. 
In this paper, we were focusing on multiscale characterizing the 
etal carbides in an as-cast polycrystalline IN713LC Ni superal- 
oy. Synchrotron X-ray microtomography and ptychography meth- 
ds were used synergistically to study the 3D network structures, 
istribution and the correlations of the carbides with other solidi- 
ed phases, providing quantitative and true 3D information for un- 
erstanding the mechanism of phase formation and transformation 
uring the solidification of this alloy. 
The chemical composition of the IN713LC Ni superalloy used in 
his study is shown in Table 1 . This alloy was melted and cast us-
ng a specially-designed mould to form wedge-shaped samples as 
hown in Fig. 1 a. This shaped sample resulted in different cooling 
ates at different locations of the sample. The cooling rates along 
he central symmetrical line of the wedge was calculated based on 
he temperature measurement. Plate samples with typical cooling 
ates of 0.27 K/s (in the thicker end) and 1.12 K/s (in the thinner
nd) were cut from the as-cast wedge samples for microstructure 
haracterization. 
The 2D microstructure observation of the carbides was carried 
ut by using a Zeiss Evo60 Environmental scanning electron mi- 
roscopy (SEM). The samples were ground and then polished. A 
hemical solution (100 ml C 2 H 5 OH, 100 ml HCl and 5 g CuCl 2 ) was
sed to deeply etch the sample surface to expose the carbides. 
Synchrotron X-ray microtomography experiments were con- 
ucted at Beamline I13–2 of Diamond Light Source (DLS), UK [26- 
8] . For this experiment, the square bars cut from the wedge 
ample were further ground into circular needle shape (Insert in 
ig. 1 a). The schematic experimental setup diagram and parame- 
ers used in this study can be found in the supplements and in 
able 2 . Tomography reconstruction was performed using the com- 
uting cluster at I13 of DLS based on a filtered back projection al- 
orithm [29] . 
The ptychographic X-ray computed tomography (PXCT) experi- 
ent was carried out at the I13–1 Coherence Branchline of DLS, 72 K [26] . Ptychography is a scanning coherent small angle scatter- 
ng technique with a lensless geometry, therefore aberration free 
nd theoretically diffraction limited [30] . The diagram of experi- 
ental setup of PXCT can be found in the supplements and the 
etails are described in Fig. 1 c of Ref [31] . The Excalibur detector 
as used to record the diffraction patterns in the far field [32] . 
he sample geometry for PXCT experiment is shown in the insert 
f Fig 1 a. The detailed experimental procedure can be found in 
he supplements. Ptychographic reconstruction on each scan pro- 
ection was performed with PtyREX Code [33] while the 3D recon- 
truction was conducted with the Savu processing pipeline soft- 
are [34] , using the ASTRA Recon GPU implementation of filtered- 
ack projection algorithm [35] . The segmentation, visualization and 
nalyses for both synchrotron X-ray tomographic and 3D ptycho- 
raphic datasets were conducted by using Avizo 9.4 software (FEI 
SG, France). 
Fig. 1 b shows the obtained secondary electron SEM micrograph 
or the deep-etched sample with a cooling rate of 0.27 K/s. The 
rimary dendrite is marked by the white dotted lines, showing 
 typical FCC structural growth morphology where the dendritic 
rms grew preferably along the low index crystal directions, e. g., 
 100 〉 [36] . The carbides distributed either within the interval of 
econdary arms or in the interdendritic region. Several typical car- 
ide morphologies in the Ni-based superalloy can be distinguished 
or both samples with 0.27 K/s and 1.12 K/s cooling rates. Fig 1 c-
 show the irregular blocky, strip and symmetric cross-petal-like 
orphologies of the carbides, respectively. All these carbide mor- 
hologies suggest that the carbide branches grew along {111} face 
f the cubic cores, as marked by yellow dotted rectangles in the 
gures. The octahedron with {111} face is the equilibrium MC car- 
ide morphology due to the minimum carbide-liquid interface en- 
rgy [20] . The cubic cores are the 2D projections of the octahedral 
C carbides. The contrast variation surrounding the cubic cores 
uggests there might be chemical composition gradients and thus 
he formed carbides are composites, as reported in other studies 
or IN713LC Ni-base superalloy [37-39] . Fig. 1 f presents a typical 
omplex script-like carbide network morphology, which also con- 
ists of octahedral cores and plate carbide branches. 
Fig. 2 a, b and the companying video #1 show the 3D network 
tructure of the carbides in a relatively large volume for the two 
amples with different cooling rates. It is clear that the carbide 
etwork distributed along the edge of the secondary dendrite arms 
n 3D space and within the interdendritic region, consistent with 
he previous 2D observation. However, in contrast to the coarser 
econdary dendrite arm for the sample with a low cooling rate of 
.27 K/s ( Fig. 2 a), the interval of the secondary dendrite arms be-
ame smaller for the sample of a higher cooling rate of 1.12 K/s 
 Fig. 2 b), which led to the smaller local volume for the carbide 
etwork. Moreover, it was found that the spherical (blocky type 
n 2D view) and irregular rod (strip type in 2D view) carbides 
ere predominant in the sample with a high cooling rate in spite 
f sometime formation of some small carbide networks ( Fig. 2 d). 
n the other hand, the spherical and rod carbides interconnected 
ach other and formed compact and complex carbide networks in 
he sample with a low cooling rate of 0.27 K/s ( Fig. 2 c). Such fea-
ure is often observed as script-typed carbides in a 2D projection 
iew. The complex carbide network is due to the further growth of 
he spherical and rod carbides and coalescence between each other 
20] . 
For quantitative statistical analysis of the 3D characteristics of 
he carbides, a high-level combination module with watershed, 
istance transform and numerical reconstruction algorithms in the 
vizo software was firstly used to separate individual carbides in 
D space. The separated individual carbides were then grouped 
n three categories: spherical, rod and network carbides based on 
heir 3D shape characteristics and further confirmed by visual in- 
Z. Zhang, J.C. Khong, B. Koe et al. Scripta Materialia 193 (2021) 71–76 
Fig. 1. The as-cast wedge-shaped Ni sample and samples machined into different geometries for tomography and ptychography measurement, as well as the deeply-etched 
morphologies. (a) the as-cast wedge-shaped sample with different cooling rates along its central symmetry line; (b) The deeply-etched morphology for the sample with a 
0.27 K/s cooling rate; (c) The typical irregular blocky carbide; (d) the strip carbide; (e) the cross-petal-like carbide and (f) the script-like carbide. 
Table 2 
Parameters used for the tomography and ptychography acquisition at the I13 beamline, DLS. 
Parameters Tomography in I13–2 Ptychrography in I13–1 
X-ray beam energy 18.5 KeV 20 KeV 
Scintillator GGG: Eu –
Detector pco.edge 5.5 (PCO AG, Germany) Excalibur 
Effective magnification 20 × –
Effective pixel size 0.33 μm Detector pixel size: 50 um 
Reconstructed pixel size 30 nm 
Field of view of projection 2560 × 2160 pixels 2400 × 2400 pixels 
Exposure time 1.9 s/projection 0.1 s/scanning step 
Sample-to-scintillator distance 10 mm 14.6 m 
No. of projections for 3D tomography 2000 400 















pection. Quantification analysis results for the different categories 
re given in Table 3. The total volume fraction of carbides in the 
ample of 0.27 K/s cooling rate is 1.04%, quite similar to the value 
1.18%) in the sample of 1.12 K/s cooling rate. This result indicates 
hat the variation of cooling rates in the present study had mi- 
or influence on the obtained carbide volume fraction. The aver- 
ge particle size for the spherical carbides was ∼13 μm 3 in both 73 he samples with different cooling rates. Such results were consis- 
ent with previous reports which revealed that the cooling rate in 
 wide range from 0.10 to 50 K/s had little influence on either the 
olidification sequence or degree of micro-segregation [39-40] . This 
s mainly due to the facts that the formed carbides are MC-typed, 
or which the stronger C formation elements i. e. Ti and Nb can 
asily react with C. However, the average particle sizes for the rod 
Z. Zhang, J.C. Khong, B. Koe et al. Scripta Materialia 193 (2021) 71–76 
Fig. 2. The 3D morphologies, distribution and network of the carbides. (a) and (b) are the 3D morphology and network of the carbides in the samples with cooling rate of 
0.27 K/s and 1.12 K/s, respectively; (c) and (d) are the enlarged local carbide morphology for (a) and (b); (e) and (f) are the particle size distribution and the shape factor 




















arbides in the 0.27 K/s sample were 97 μm 3 , increased by 10% 
hen compared to that (88 μm 3 ) obtained in the 1.12 K/s sam- 
le, confirming the further growth and coalescence of the carbides 
ue to having sufficient diffusion time in the low cooling rate sam- 
le. In particular the average size of the network carbides changed 
rom 288 to 328 μm 3 , increased by 14% when the cooling rate re-
uced from 1.12 to 0.27 K/s. 
Fig. 2 e and f shows the statistic distribution characteristics of 
he spherical and rod carbides. Due to the tiny amounts of the 
etwork carbides and the significant difference on volume be- 74 ween the network carbides and the other two categorized car- 
ides, the distribution of network carbides was not included in 
he figures. Fig. 2 e indicates that the reduction of cooling rate led 
o a slight increase in the average particle size (44 vs. 42 μm 3 ).
ig. 3 f presents the shape factor distribution for the spherical and 
od carbides. The shape factor is defined as = S 3 
36 πV 2 
, where S is 
he measured total surface area for an individual carbide and V 
orresponds to its individual volume. This morphology parameter 
epresents the shape characteristics of the individual carbides, and 
 represents a perfect sphere. The comparison of the shape fac- 
Z. Zhang, J.C. Khong, B. Koe et al. Scripta Materialia 193 (2021) 71–76 
Fig. 3. Skeleton of the carbides in:(a) sample with 0.27 K/s cooling rate and (b) 




































Fig. 4. X-ray ptychography image and tomography for the carbides in the sample 
with a cooling rate of 1.12 K/s. (a) a transmission projection; (b) and (c) are the 
retrieved 2D projections at −83.5 ° and 45 °, respectively; (d) 3D morphologies for 
the carbides with a higher resolution of 30 nm; (e) the correlations of carbides, γ
and γ ’ phases in 3D space; (f) indicates the extract slice positions for (g) and (h); 
(g) shows the spherical carbide and its correlation with other phases; (h) is the 






























or distribution for the samples with different cooling rates reveals 
hat the individual carbides continuous growth transitions from 
he spherical morphology to rod morphology when reducing the 
ooling rate. 
The skeletonization function in Avizo software was used to peel 
ff parts of the typical 3D carbide networks down to a skeleton of 
 voxel in thickness. The 3D characteristics of the carbide branches 
an be visualized ( Fig. 3 a and b), illustrating the growth paths of
he carbide branches during solidification [41] . The 3D characteris- 
ics of the carbide skeleton were then quantified by counting sta- 
istically the curve length between each node. The statistical curve 
ength distributions are shown in Fig. 3 c. The statistic results fol- 
owed Lognormal distribution for both cases in different cooling 
ates. The peak position in the 0.27 K/s sample slightly shifts into 
onger length when compared to that in the 1.12 K/s sample, in- 
icating that the slow cooling rate produced more proportionally 
ranches of a greater curve length. 
Fig. 4 shows the synchrotron X-ray ptychography image and 
omographic morphologies for the 1.12 K/s sample. This imaging 
ethod provides a higher spatial resolution of 30 nm and also the 
orrelation of different phases. Fig 4 a is a transmission projection 
erpendicular to the deep-etched surface, showing the intercon- 
ected carbide network in the region. The retrieved 2D projections 
t −83.5 ° and 45 ° ( Fig. 4 b and c) revealed the stereo-morphologies 
f the interfaces for γ ’ phases in the alloy. The reconstructed 3D 
omography, however, presents the true 3D shapes of the irreg- 
lar spherical and rod (plate in 2D view) carbides, as shown in 
ig. 4 d and the accompanying video #2. All these carbides lo- 
ated at the grain boundaries between the matrix γ phase and 
’ phase ( Fig. 4 e, the γ phases are rendered as semi-transparent). 
ig. 4 g and h show the typical 2D slices containing carbides ex- 
racted from the 3D tomographic dataset, revealing that the dom- 
nant growth directions of carbide branches were mainly deter- 
ined by the local composition of the remaining liquid phase and 
eometric constraints. The positions of the slices are indicated in 
ig. 4 f. Fig. 4 g and the accompanying video 2 also show the de-75 ailed correlations of the primary γ p , eutectic γ e , carbides and γ ’ 
hase in 2D view. In Fig. 4 g, the γ ’ phase demonstrated a rela-
ive homogenous constitution while the carbide presents a short 
locky (spherical carbides in 3D) morphology embedded on the 
oundary of primary γ p , eutectic γ e and γ ’ phases. The solidifi- 
ation path of this morphology was L → γ ; L → γ + MC + ( γ + γ ’),
s proposed by other researchers [39-41] . Fig. 4 g shows that parts 
f the core of the strip carbide seemed to be within the γ ’ phase. 
owever, detailed observation of the carbides in most other slices 
ndicated that the strip carbide cores were located at the boundary 
f γ phase. The different contrast within the γ ’ phase suggested 
he γ ’ phase was not homogeneous in composition, which might 
e due to the further segregation of Nb, Ti elements in this case. 
aking into account the chemical composition of the IN713LC su- 
eralloy, Nb and Ti elements prefer to react first with C and also 
an segregate into γ ’ phase during the solidification while Cr, Mo 
nd Al can segregate into both γ phase and γ ’ phase [37] . There- 
ore, the composition of γ ’ phase on the vicinity of the MC carbide 
s likely a Nb-Ti rich phase, as indicated in Fig. 4 h. This result is
imilar to and consistent with that reported for IN713LC superal- 
oy [39] . Hence, the solidification path in such case is proposed as 
 → γ ; L → γ + MC + ( γ + γ ’) + (Nb-Ti rich phase). 
In summary, synchrotron X-ray microtomography revealed and 
uantified the 3D characteristics of the spherical, strip and network 
tructure of the metal carbides in an as-cast IN713LC Ni superalloy. 
ynchrotron X-ray ptychography revealed that the individual MC 
arbides were distributed on the grain boundary between the ma- 
rix γ and γ ’ phases. The dominant growth directions of carbide 
ranches were mainly determined by the local composition of the 
emaining liquid phase and geometric constraints. 
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